W e compared wear particles from two different designs of total hip arthroplasty with polycrystalline alumina-ceramic bearings of different production periods (group 1, before ISO 6474: group 2, according to ISO 6474). The neocapsules and interfacial connective tissue membranes were retrieved after mean implantation times of 131 months and 38 months, respectively. Specimen blocks were freed from embedding media, either methylmethacrylate or paraffin and digested in concentrated nitric acid. Particles were then counted and their sizes and composition determined by SEM and energy-dispersive x-ray analysis (EDXA).
The size, shape and composition of wear particles play a central role in the development of aseptic loosening and osteolysis in total hip replacement (THR). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Various studies have shown the good performance of the alumina ceramic-on-ceramic articular surfaces in terms of frictional behaviour, low annual rates of wear and relatively low reactivity of debris in the periprosthetic tissues, compared with polyethylene wear from metal-polyethylene couples. [15] [16] [17] [18] [19] [20] [21] [22] [23] Light-microscope studies of membranes around revised ceramic THRs reported sizes of alumina particle of between 1 and 3 m which is similar to the grain size of alumina used for production. 15, 24, 25 Since a size of 1 m is at the lower limit for light microscopy, more sensitive methods have been developed to evaluate submicron debris in tissue membranes. [26] [27] [28] The purpose of the present study was to describe the histology of periarticular tissues around failed alumina ceramic-on-ceramic total hip prostheses and to compare the tissue concentration and physical characteristics of isolated wear particles originating from two types of Al 2 O 3 ceramic used for these THRs: 1) a series of cementless, monolithic ceramic cups with ceramic heads, produced after 1975 but before the ISO 6474; and 2) more recently manufactured ceramic inserts for a commercially pure (cp) Ti-backed acetabular cup and ceramic ball head (BIOLOX, according to ISO 6474; Ceramtec, Plochingen, Germany) with a Tialloy stem. We have compared our findings with the results from previously published studies which used identical techniques of isolation and characterisation of wear particles to analyse tissues adjacent to failed cemented and uncemented metal-polyethylene total hip prostheses. [26] [27] [28] Materials and Methods (Table I ) Group 1. Between 1976 and 1979 we carried out 67 THRs using an uncemented alumina-onalumina prosthesis. 15 Nine were subsequently revised and we collected the neocapsules and tissue membranes from the acetabular interfaces at the time of this procedure. The acetabular prostheses were hemispherical, monolithic, Al 2 O 3 ceramic components with three eccentrically placed pegs and were implanted without bone cement. The grain size and density met the requirements of the later ISO 6474 standard (Rosenthal Technik AG, Lauf/P, Germany . Both sockets and stems were inserted by press-fitting without using bone cement.
Patients
Tissue digestion protocol. The retrieved specimens from neocapsules and fibrous membranes adjacent to the revised endoprostheses from group 1 were fixed in Schaffer's fluid and embedded in polymethylmethacrylate (PMMA). Sections were prepared by grinding without decalcification. In order to isolate the wear particles, the methacrylate-embedded blocks were cut to cubes approximately 2 ϫ 2 cm in size and the PMMA was partially dissolved in acetone. The blocks were then cut into slices of 2 to 3 mm and incubated with 2-methoxyethylacetate solution for at least two weeks. After dissolution of PMMA, the tissue slices were reembedded in paraffin. Slides were prepared and reviewed. Representative areas were identified in all paraffin-embedded blocks for subsequent isolation of particles as previously described. [26] [27] [28] The histological findings from some of these cases have already been described. 15 The biopsies from group 2 were fixed in formalin and routinely embedded in paraffin. Histological slides were viewed by light microscopy, and portions of representative samples were selected. Tissue samples were harvested from the paraffin blocks and dried using a liquid carbon dioxide critical-point drying apparatus (SPC-900; Bomar, Tacoma, Washington). Dried tissue of approximately 0.02 to 0.03 g was dissolved overnight in several different incubations of concentrated nitric acid with intermittent sonication and centrifugation at 11 600 ϫ g. Particles were finally concentrated in 1 ml of prefiltered water containing dispersant and collected on 10 m, 0.4 m and 0.1 m filters (Nucleopore; pore size variability 0% to -20%) for SEM and energy-dispersive xray analysis (EDXA) (see below). During filtration, a gentle positive pressure was applied and SEM of the filters showed no evidence of damage. In order to avoid aggregation, a dispersant (Coulter Electronics, Hialeah, Florida) was used immediately before evaluation of all specimens; this helped to separate aggregated particles. Controls. In order to verify that the tissue digestion procedure did not also dissolve ceramic wear debris, several small pieces of ceramic were obtained from the explanted prostheses. Each were weighed several times and then subjected to the tissue-digestion protocol described above. Reweighing confirmed that the particles did not decrease in weight and SEM showed that they did not change in shape. We therefore concluded that the ceramic particles were not significantly altered by our digestion protocol. Analysis of wear particles isolated from tissue. Particles smaller than 10 m were collected in solutions which passed through a 10 m filter and then counted, using a Coulter Multisizer II particle analyser (Coulter Electronics) with a 20 m aperture tube and Isoton II as the electrolyte. As particles larger than 10 m obstruct the aperture tube, they were excluded from the samples by the filter. Particles smaller than 0.5 m are below the limit of detection of the instrument. The results were expressed as the mean of duplicate measures of each sample.
Particles smaller than 0.5 m and larger than 10 m were collected on 0.4, 0.1 and 10 m filters, gold-coated (Hummer II; Technics, Alexandria, Virginia) and the particle sizes measured manually using a scanning electron microscope (EM400T; Philips Industries, Eindhoven, The Netherlands). The composition of each particle was determined by EDXA (EDX 9100; EDXA, Mahwah, New Jersey). At least 50 particles were evaluated on each filter. Statistical analysis. The results are expressed as the mean ± standard deviation (SD). Unpaired t-tests with 95% confidence intervals were used to compare total particles per gram of biopsy tissue, particles per gram of tissue per year, and modal particle size between the two groups. Additionally, the non-parametric Mann Whitney U test was performed.
Results
Clinical details. The mean age of the patients at the time of primary arthroplasty, the diagnosis at the initial and revision operations, the time interval between primary arthroplasty and revision, head sizes and the postoperative socket inclination angle are shown in Table I .
Radiological evaluation before revision showed valgus displacement of the sockets in eight cases (four in each group) and increasing radiolucent seams at the socket-bone interface in four (two in each group). All loosened stems showed subsidence with radiolucent seams at the implantbone interface. Neither local osteolysis nor granulomas were detected radiologically in any case. Only one revised implant showed evidence of impingement between the femoral neck and the rim of the socket (case 10, Table I ). Particle analysis Concentration. The mean particle concentration was 3.92 (SD 3.50) ϫ10 9 particles/g of tissue (dry weight) (0.70 (SD 0.79) ϫ10 9 particles/g/year) for group 1, and 3.01 (SD 2.03) ϫ10 9 particles/g (dry weight) (1.62 (SD 2.13) ϫ10 9 particles/g/year) for group 2. Excluding case 10, the mean parti-cle concentration was 0.99 (SD 0.55) ϫ10 9 particles/g/year)
for group 2. The means of the groups were not significantly different. The results of the tests and the corresponding 95% confidence intervals of the difference are shown in Table II seen in Table III . Concerning the comparison between the biopsy locations, it must noted that tissues from some patients may occur in both localisation groups. SEM and EDXA findings (Fig. 1 ) Particle composition. Particles in group 1 were found to contain Al, Zr, CoCr, Fe and Si, while particles in group 2 consisted of Al, TiAlV, Ti, Fe and Si (Figs 2 and 3) . In group 1 the overall particle composition was 94.4% Al, 2.2% Zr, 2.2% CoCr, 0.8% Fe and 0.5% Si. Therefore, most of the particles in group 1 were derived from either the ceramic acetabular component or the modular ceramic head, with only 2.2% of the metal particles from the femoral stem. The occasional silica particles may have been contaminants of alumina. In group 2 the overall particle composition was 63.6% Al, 29.9% TiAlV, 4.5% Ti, 1.5% Fe, 0.4% Si and 0.2% Tb. Comparing the numbers of Al and metal particles (Co-alloy, Ti, Ti-alloy, Fe) the number of Al particles was similar in both groups and the number of metal particles was higher in group 2. Most of the metal particles of TiAlV alloy, presumably from the femoral stem: many cases also had a few particles of pure Ti present, presumably from the metal backing of the acetabular cup. We found no difference in particle composition based on biopsy location (synovium v socket-bone interface for either group) (Table III) . Particle size (Tables IV and V) . In group 1, the mean size of the Al particles collected on the 0.1 m filter was smaller than that of Zr and CrCo particles, but there was no difference between the diameters of Al, Zr and CrCo particles on the 0.4 or 10 m filters. In group 2, the alumina particles collected on 0.1 and 10 m filters were smaller than TiAlV particles, but there was no difference between the diameters of Al and TiAlV particles on the 0.4 m filter. Overall, we found no difference in size of the Al particles beween groups l and 2. When looking at the size distribution in relation to the time in vivo, however, there was a tendency towards particles greater than 10 m in prostheses which had been revised after a longer time period in group l compared with group 2 (Figs 4 and 5).
Discussion
Reports of clinical results after total joint arthroplasty with metal-on-polyethylene bearings have shown bone resorption and implant loosening associated with accumulation of wear particles. [29] [30] [31] particles/g of tissue. Shanbhag et al 9 have suggested that low concentrations of particles lead to a proliferation of fibroblasts, whereas high concentrations result in stimulation of bone resorbtion. Goodman et al 12,36 found a particledose-dependent inhibition of net formation of bone which was higher in the presence of polyethylene particles than for Ti-alloy particles.
Recognition that these complications seemed to be due to polyethylene wear particles ('polyethylene disease') has renewed interest in polyethylene-free bearings such as metal-on-metal 40, 41 and ceramic-on-ceramic. 17, [42] [43] [44] Lower annual rates of wear have been reported for both couples, in vitro and in vivo when compared with either metal-polyethylene or ceramic-polyethylene combinations, but little is known about the accumulation of wear debris in tissues adjacent to ceramic-on-ceramic implants. Alumina ceramic-on-ceramic THR has been in clinical use for more than 25 years. Initial design-related complications such as fractures of the ball head and breakage of ceramic sockets [45] [46] [47] [48] [49] were reduced to a minimum by applying changes at the ball-cone junction and by improving the quality of the ceramic product. polyethylene revision cases, 22 a lower rate of degeneration of macrophages detected when alumina particles were phagocytosed instead of Co-based alloy particles, 11, 35 and better chemotaxis and less necrosis of alumina-laden macrophages. 51 Using cultured human synovial fibroblasts, no cytotoxic effect of alumina was found, and the release of lactate dehydrogenase as a marker for cell necrosis was lowest when compared with materials used in orthopaedic prostheses. 10, 52 There are limitations to all available methods used to isolate and quantify particles from around total joint arthroplasty. The electronic particle-counting methods used in this study cannot detect particles smaller than 0.5 m, and also extrapolate the particles to an approximate spherical shape. Therefore, the results from Coulter analysis probably underestimate both the total number of particles and the total particle surface area. The use of SEM in parallel with electronic counting methods, however, suggests that in these specimens most of the debris particles were probably larger than 0.4 m. While no assay methods yet available can provide completely accurate absolute values for particle concentrations, the use of consistent methods should reasonably allow comparison of relative values among groups. In our study it was possible to compare wear particles from tissues around the 'old' alumina-ceramic THR, produced before ISO 6474, with those around the 'newer' ceramic THR, produced according to ISO 6474. We were also able to investigate the effects of a metalbacked ceramic socket prosthesis and of a monolithic ceramic socket on the amount and composition of peri- articular wear particles and compare our present results with previous published data which used the same protocol for tissue digestion and particle counting. [26] [27] [28] With respect to the size of alumina particles we could find no differences between the 'older' and the 'newer' ceramic. In group 1, single alumina particles and conglomerates ranged from 0. 18 We did find a relationship between implantation time and percentage of particles larger than 10 m, which may be attributed to more fatigue and abrasion of the alumina gliding surface in the 'older' ceramic, a phenomenon which was not encountered in the 'newer' group to this extent. Our results are in contrast to the publication of Lerouge et al 53 who reported a mean size of alumina particle of 0.44 (SD 0.25) m without any information on particles greater than 1.2 m. This, however, utilised only a 0.2 m filter, which may explain the different results.
The unique composition of implants in our study allowed us to determine the origin of most of the wear particles. Both the acetabular component and modular head in group 1 were composed of alumina ceramic, while the femoral stem was made of Co-based alloy. Most particles in group 1 were composed of alumina (94.4%), with only 2.2% CoCr particles from the femoral stem. In group 2, the ceramic insert and modular head were alumina ceramic, the acetabular backing was cp titanium, and the femoral stem was Ti-alloy. Only 63.6% of the particles in group 2 were alumina, with 29.9% of Ti-alloy from the femoral stem and 4.5% of pure Ti from the metal backing, which is in contrast to an earlier study of Hirakawa et al, 26 in which the authors speculated that most of the metal particles were from the socket prostheses. When comparing the numbers of alumina and metallic particles (Co-based alloy, cp Ti and Ti-alloy) in both groups, the numbers of alumina particles were similar, but the number of metal particles in group 2 was significantly higher than in group 1 (p < 0.05). These findings may be attributed to the greater hardness 54 of the polished Co-alloy stems used in group 1, compared with the softer and increased surface area of the grit-blasted cp Ti-backed sockets and Ti-alloy stems in group 2. We found no difference in particle composition based on biopsy location, indicating that many of the particles located around the acetabular component actually originated from the femoral stem. While Ti-alloy comprised 29.9% of all particles, in selected cases, more than 50% of the particles around the acetabulum were composed of the Tialloy from the femoral stem.
With respect to the overall particle concentration (particles/gram of tissue) we could not identify any difference between groups 1 and 2. The implantation periods, however, were much shorter for group 2, so that a difference in rate of accumulation of particles in the tissues (0.70 (SD 0.79) ϫ10 9 particles/g/year in group 1, and 1.62 (SD 2.13) ϫ10 9 particles/g/year for group 2) has to be considered. As for both groups, the differences in times to failure are significant. We calculated the total number of particles in relation to the time in situ. Although this method allows a comparison between both groups, it does not take into consideration possible time-dependent differences in the cellular resorption mechanisms of the periprosthetic tissues, which may depend on the time in situ, the size, and the chemical characteristics of the wear debris particles. The calculated particle concentration, however, represents a 2-to 22-fold decrease in rate of particle accumulation when compared with the results of earlier studies. [26] [27] [28] The absence of clinical and radiological evidence of osteolysis in our cases is also consistent with either relatively few particles in the tissue, or a reduced inflammatory response to the more massive ceramic-particle accumulations. 15 Controlled, prospective studies are required to demonstrate definitively reduced accumulation of wear debris in ceramic-on-ceramic hip arthroplasty, but our results suggest a relatively low rate of accumulation of particles in tissues adjacent to failed ceramic-on-ceramic implants, when compared with previously reported metal-on-polyethylene articulations. Nevertheless, a careful operative technique with correct positioning of the implanted prostheses is necessary to avoid excessive production of ceramic wear, 17, [55] [56] [57] and care must be taken to avoid impingement between the femoral neck and the rim of the implant, a situation previously associated with osteolysis in one case.
